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ABSTRACT 


A  program  was  developed  to  improve  the  on-line 
measurement  capability  of  the  three-dimensional, 
underwater  tracking  ranges  at  the  Naval  Torpedo 
Station,  Keyport,  "Washington,-  The  program  utilizes  a 
Kalman  filter  routine  to  minimize  the  effects  of 
measurement  noise  in  determining  the  true  target 
position.  The  gain  schedule  used  by  the  filter  is 
calculated  off-line  and  may  be  varied  based  on 
tracking  reguirements.  Listings  of  both  of  the 
Fortran  programs  are  included. 

Simulated  exercises  were  run  utilizing  a  variety 
of  gain  schedules.  Results  of  these  simulations  will 
assist  NTS  engineers  in  the  implementation  and 
operation  of  the  program  using  the  NTS  computer 
facility.  Details  of  the  simulation  procedure  and  a 
listing  of  the  track  generator  program  are  included. 
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I.   INTRODUCTION 


The  Naval  Torpedo  Station,  Key port,  Washington  currently 
operates  two  three-dimensional  underwater  tracking  ranges 
with  the  capability  of  accoustically  tracking  torpedoes  and 
similar  water-borne  targets.  The  computer  system  in  use 
provides  a  printed  record  and  plotted  display  of  the 
measured  track.  As  with  most  tracking  systems  the  measured 
data  is  corrupted  by  noise.  This  noise  is  due  to  the 
combined  effects  of  environmental  factors  and  the 
measurement  instruments. 

These  noisy  tracks  are  later  analyzed  to  remove  those 
measurements  judged  to  be  most  inaccurate  on  the  basis  of 
total  track  statistics.  Thus,  it  is  only  at  some  later  time 
that  a  smooth  representation  of  the  track  is  available. 

In  the  near  future  an  updated  computer  system  will  be 
brought  on-line.  The  necessity  of  designing  new  programs 
provides  the  opportunity  for  expanding  the  real-time 
capability  of  the  system.  It  is  desired  that  a  smoother 
track  be  available  in  real-time  without  the  loss  of  any  of 
the  measured  data.  A  long  range  prediction  capability  and 
the  ability  to  handle  various  data  rates  is  also   desirable. 

The  above  requirements  and  the  ready  access  to  the  noisy 
measurements  of  target  position  indicate  the  applicability 
of  a  Kalman  filter  routine  to  improve  the  real-time 
capability  of  the  three-dimensional  tracking  ranges  at   NTS. 


II.   THEORY 


The  development  and  use  of  the  equations  used  in  the 
Kalman  filter  have  been  widely  documented.  Rather  than 
include  the  derivation  here  the  reader  is  referred  to  [1r2] 
or  similar  works. 

In  this  presentation  the  equations  used  will  be  listed 
with  a  brief  description  of  each.  The  system  is  assumed  to 
be  linear  and  free  of  deterministic  forcing  inputs. 

We  characterize  the  state  by  the  following  state 
difference  equations 

X(k+1)  =  PHI  *  X  (k)  +  GAMMA  *  H  (k) 
and  noisy  measurement  equations 

Z  (k)  =  C  *  X(k)  +  V(k) 


where 


time  K 


time 


X  (k)  is  the  n-dimensional  state  vector  at  time  K 
Z(k)  is  the  m-dimensional   measurement   vector  at 

V (k)  is  the  m-dimensional  random  noise   vector   at 


W(k)  is  the  m-dimensional  random  forcing  input   at 
time  K,  and 

PHI  and  C  are  constant  matrices. 


The  estimator  equations  are  given  by 

X(kjk)  ■  X(k|k-1)  +  G(k)*[Z(k)  -  c  *  X(k|k-1)] 
and 

A  A 

X(k|k-1)  =  PHI  *  X(k-1|k-1), 

where 

A 

X(k|k)   is   the   estimate   at   time   K   given   K 


measurements 

A 

X(k|k-1)  is  the   estimate  at   time  K   given  K-1 
measurements,  and 

G  (k)  is  the  Kaiman  filter  gain  at  time  K. 

The  estimator  is  initialized  by  setting  X  (0 1  —  1 >  equal  to 
the  mean  of  the  random  target  entry  points. 


The   gain   (G)   and   theoretical  covariance  of  error  (P) 
equations  are  given  by 

G(k)  =  P(k|k-1)  *  c'*  [C*P(klk-1)  *c'+  R(k)  ]-* 
P(k|k)  =[I  -  G(k)  *C]*P(k|k-1) 


P(k+1|k)  =  ?HI*P  (kj  k)  *PHI  +  Q 


where 


R (k)  is  the  covariance  of  the  measurement  noise, 

P(k|k)   is  the  theoretical  covariance   of   the 

estimation  error,  and 

Q  is  found  by 

r 
Q  =  GAMMA*cov(W)  *GAMMA 

where   cov(W)   is   the   covariance  of  the  forcing  input.   In 

this  application  the  measurement  noise   causes  fluctuations 

in   the   velocity   estimate   suggesting   that  there   is   an 

acceleration  input.   This  "acceleration"   is  treated  as  a 

random  forcing  input. 

GAMMA  is  given  by 

r      i 

T2/2 


These  equations  are  initialized  by  setting  P(0|-1)  equal 
to  the  variance  of  the  intiial  state  estimate. 


III.   PROBLEM  DEFINITION 


The  design  and  formulation  of  a  new  tracking  program  may 
best  be  defined  in  terms  of  the  present  system  and  the 
improvements  to  be  made.  Details  of  the  reduction  of  the 
accoustically  measured  track  into  the  usable  data  format  of 
XYZ  positioning  on  the  ranges  are  included  in  [3].  It  is 
assumed  that  all  data  has  been  reduced  to  the  three- 
dimensional  coordinates  for  convenient  use  as  track  input  to 
the  program. 

Under  the  present  system,  data  is  received  and  stored  on 
magnetic  tape  for  later  smoothing.  simultaneously,  the 
measured  position  of  the  target  is  printed  with  other 
pertinent  data  (time,  point  count,  array  number,  etc.).  Two 
plots  are  also  generated:  target  position  is  superimposed  on 
a  range  chart  in  XI  coordinates;  and,  target  depth  is 
plotted  in  XZ  coordinates. 

The  typical  torpedo  track  will  have  two  modes:  search 
and  pursuit  of  its  target.  The  search  mode  consists  of  a 
helical  track  that  does  not  lend  itself  to  linear 
approximation.  Because  this  portion  of  the  track  is  of 
minor  importance  to  range  observers,  any  inaccuracies  caused 
by  a  linear  approximation  can  be  tolerated.  The  pursuit  mode 
will  be  a  constant  velocity  track  which  can  easily  be 
modeled  by  a  linear,  time-invariant  system. 

The  Kalman  filter  (see  Figure  1)  provides  an  accurate 
discrete  approximation  to  the  continuous  target  track. 

The   current   smoothing   techniques  (post-run  analysis) 
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Figure    1  -   BLOCK  DIAGRAM  OF  THE  DISCRETE  KALIAN  FILTER 
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remove  those  points  that  are  the  most  corrupted  by  noise. 
This  type  of  routine  initially  considers  all  of  the  measured 
track  points.  The  position  at  any  time  is  then  estimated 
based  on  all  of  the  measurements.  The  resultant  track  is  an 
error  minimizing  curve  fitted  to  the  complete  measured 
track.  The  use  of  the  Kalman  filter  will  not  affect  this 
type  of  post-run  analysis,  as  all  of  the  measurements  are 
retained.  The  filter  will,  in  real  time,  provide  a  smoother 
track  through  the  use  of  the  predictor  and  weighted  (the 
Kalman  gain)  correction  factor.  Thus,  by  using  the  filter 
we  are  able  to  overcome  the  problem  of  noisy  measurements 
without  the  loss  of  data. 

Many  of  the  reguired  computations  can  be  completed 
off-line  so  as  not  to  jeopardize  the  timely  application  of 
the  filter  to  the  track  data.  Because  the  geometry  of  the 
tracking  range  will  remain  the  same,  we  can  utilize 
previously  run  tracks  to  develop  a  reliable  set  of 
measurement  noise  statistics.  These  statistics  will  then  be 
used  to  compute  the  Kalman  gain  schedule,  which  may  then  be 
stored  for  use  at  the  appropriate  time. 

Use  of  a  priori  knowledge  of  the  noise  statistics  allows 
the  programmer  and  user  not  only  to  precompute  the  gain 
schedule  but  also  to  test  the  program  via  simulation. 
Variations,  such  as  allowances  for  various  degrees  of 
maneuverability,  may  also  be  compared.  We  are  able  to  base 
the  assumptions  of  measurement  errors  on  noise  criteria 
only,  because  the  assumed  location  of  the  array  hydrophones 
has  been  shown  to  be  highly  accurate.  [4] 

Two  general  assumptions  have  been  made  about  the  noise 
in  the  application  of  the  filter.  First,  it  is  assumed  that 
the  measurement  noise  is  random  with  a  mean  of  zero  and  has 
a  Gaussian  distribution.  Also,  the  noise  has  been  taken  to 
be   independent   of   the  distance  between  the  target  and  the 
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array  sensors.   This  assumption  is  made   with  consideration 
given  to  the  ray  path  reconstruction  routine  used. 
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IV.   PROGRAM  DESCRIPTIONS 


A.    THE  KALUAN  FILTER 


The  Kalman  filter  program  has  been  designed  to  provide 
an  improved  tracking  routine  using  a  minimum  of  computer 
storage  and  computation  time.  The  filter  routine  has  the 
capability  cf  processing  a  variable  data  rate  limited  only 
by  the  execution  time  of  the  routine  and  the  accuracy 
desired  (in  the  discrete  approximation) .  This  data  rate  is 
selected  prior  to  each  run,  as  is  the  advance  prediction 
feature. 

In  addition  to  the  normal  one-step-ahead  prediction  of 
the  filter,  the  user  may  select  a  long  range  predictor  prior 
to  each  track  run.  This  feature  will  enable  observers  to 
evaluate  qualitatively  parameters  such  as  torpedo  homing 
capability  during  the  test  run.  The  long  range  predictor 
simply  advances  the  current  filtered  position  the  desired 
number  of  sample  intervals.  The  current  filtered  velocity 
estimate  is  used  in  this  prediction. 

The  operation  of  the  filter  may  adversely  be  affected  by 
large  scale  measurement  errors.  Range  operations  experience 
indicates  that  measurement  errors  on  the  order  of  103  feet 
are  occassionally  recorded.  One  error  of  this  magnitude 
would  invalidate  the  filtered  output  for  many  subsequent 
sample  intervals.  Because  of  the  feedback  operation  of  the 
filter  there  must  be  protection  against  this  form  of 
catastrophic  failure. 
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This  protection  is  provided  by  establishing  limits  of 
acceptability  about  each  of  the  measurements.  The  range  of 
this  acceptability  "gate"  is  adjustable  and  may  be  set  by 
the  user  prior  to  each  exercise  run.  (See  Appendix  B  on 
program  requirements  for  a  further  explanation.) 

Measurements  that  fall  outside  the  gate  are  regarded  as 
unacceptable;  the  gain  schedule  is  set  to  zero  for  that 
measurement  and  the  filter  is  advanced  based  on  prior 
estimates. 

The  program  is  liberally  documented  through  the  use  of 
"comment"  cards.  These  comments  will  enable  any  user  to 
operate  the  program  with  a  minimum  of  supportive 
documentation.  It  is  intended  that  only  a  basic  knowledge 
of  Kalman  filtering  and  Fortran  programming  are  necessary  to 
operate  the  program.  Ease  of  implementation  has  been  given 
a  high  degree  of  consideration  in  the  design  of  the  program. 


B.   THE  GAIN  SCHEDULE 


The  Kalman  gain  schedule  is  calculated  using  a  program 
independent  of  the  filter  routine.  This  separate  program 
permits  prior  off-line  computation  and  storage  of  the  gain 
schedule.  For  a  given  tracking  run  the  optimal  gain 
schedule  may  be  computed  from  the  matrix  inputs  to  the 
routine.  These  gains  are  then  stored  for  use  during  the 
actual  tracking  exercise.  If  the  user  chooses  to  alter  the 
gain  schedule  used,  the  independence  of  the  gain  program 
from  the  filter  provides  flexibility. 

In  operating  the  filter,  any  gain  schedule  (optimal  or 
sub-optimal)  may  be  used.  For  example,  a  higher  gain  value 
applied   to  each  measurement  would  allow  for  a  higher  degree 
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of  target  maneuverability,  but  would  provide  less  smoothing. 

This   program  is  completely  self-supportive;  it  requires 
no  additional  subprograms  or  routines. 


C.   TRACK  SIMULATOR 


A  track  simulator  program  is  also  included.  Its 
inclusion  is  not  necassary  to  operate  the  Kalman  filter 
routine  at  NTS.  It  is  included  here  only  to  acquaint  NTS 
engineers  with  the  simulation  technique  used  in  program 
testing  and  verification. 

The  track  generator  uses  a  random  number  generator  to 
select  a  track  origin.  The  track  is  then  advanced  from  that 
point  based  on  user  selected  X  Y  and  Z  velocities.  The 
actual  track  is  then  corrupted  by  noise  to  provide  noisy 
position  measurements. 

The  actual  track  and  the  measured,  noisy  positions  are 
available  as  program  output. 

This  program  uses  the  subroutine  SNORM,  an  IEM-360 
library  subroutine.  SNORM  is  a  random  number  generator  that 
produces  a  normal  Gaussian  distribution. 
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7.   SIMULATION  PROCEDURE 


The  Kalman  filter  program  was  designed  to  handle 
efficiently  (in  terms  of  computer  usage)  the  tracking 
measurements  and  to  provide  the  extra  features  desired  by 
NTS  range  observers.  Once  completed  it  was  necessary  to 
verify  accurate  operation  of  the  program  in  an  NTS 
range-type  environment.  One  means  of  verification  was  to 
model  the  working  environment  and  to  conduct  tracking 
exercise  simulation  using  the  model. 

Several  simplifying  assumptions  have  been  made  in  the 
model.  Simplification  was  made  only  where  it  was  determined 
that  no  conflict  existed  with  realistic  operational 
parameters.  The  primary  reason  for  making  these  changes  was 
to  increase  the  readability  of  the  printed  and  plotted 
output  data. 

In  the  test  model,  the  target  track  was  generated  using 
velocity  along  the  range  baseline  only.  Originally  the 
track  was  modeled  with  principal  motion  along  the  range 
baseline  (X-axis)  and  a  slight  crossing  trajectory  (Y-axis) . 
By  eliminating  the  Y-component  of  velocity  the  magnitude  of 
the  noise  corruption  is  represented  as  the  full  range  of  the 
absissa  on  the  XY  position  plot. 

The  program  was  tested  using  a  track  that  incorporated 
velocity  along  each  of  the  coordinate  axis  but  analysis  of 
the  filtered  output  data  showed  no  change  in  the  performance 
of  the  filter. 

Various   target   velocities   were   used  for   program 
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verification.  No  differences  in  performance  were  noted  over 
the  velocity  range  from  twenty  to  fifty-five  knots.  The 
final  model  employs  a  target  moving  at  forty  knots  (a 
displacement  of  ninety  feet  between  measurements) . 

Two  considerations  were  made  in  computing  the  gain 
schedule  used  in  testing.  Statistical  data  obtained  from 
previous  range  tracking  exercises  was  used  to  initialize  the 
gain  computations.  Additionally  the  Q  matrix  was  varied  to 
test  the  the  degree  of  manuverability  that  could  be  handled 
by  the  filter. 

No  attempt  was  made  to  test  directly  the  "gate"  feature 
of  the  filter.  However,  measurements  greatly  corrupted  by 
noise  were  noted  in  each  of  the  simulations,  providing  a 
test  of  the  filter's  ability  to  reject  highly  erroneous 
measurements. 

No  attempt  has  been  made  to  distinguish  which  particular 
array  supplied  the  data.  It  was  noted  in  the  problem 
definition  that  input  data  to  the  filter  was  assumed  to  be 
in  three-dimensional  range  coordinates.  It  has  been  assumed 
that  current  methods  of  calculating  three-dimensional  data 
will  be  retained  and  will  provide  measurement  input  to  the 
filter  in  terms  of  the  range  baseline  coordinate  system. 
3ased  on  this  assumption  there  is  no  need  to  determine  which 
array  supplied  the  data. 

The  primary  purpose  of  the  simulation  has  been  to  test 
operation  of  the  filter  in  such  a  manner  that  it  might  be 
implemented  at  NTS,  Keyport  with  only  minor  changes. 
Attempts  have  been  made  to  anticipate  and  to  resolve  any 
problems  that  might  arise. 
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71.   SIMULATION  RESULTS 


After  the  Kalman  filter  program  had  been  designed  and 
checked  for  Fortran  and  logic  errors,  it  was  necessary  to 
test  it  in  an  environment  similar  to  that  seen  in  actual 
range  operations.  Computer  modeled  simulations  provided  a 
rapid,  lew-cost  method  for  verifying  the  accuracy  of  the 
program.  Several  tests  were  run  using  a  variety  of 
operational  parameters,  as  explained  below. 

Most  of  the  measured  data  from  the  NTS  ranges  is 
received  at  about  1.3  second  intervals.  The  few  remaining 
exercises  utilize  a  data  rate  one-half  the  above.  These 
data  rates  establish  the  absolute  limits  of  any  processing 
routine.  One  of  the  important  aspects  of  the  simulation  is 
the  cycle  time  of  the  filter. 

All  of  the  simulation  exercises  were  conducted  using  the 
IBM-360  system  at  the  Naval  Postgraduate  School  under  a 
time-shared  mode.  The  tests  were  conducted  at  various  times 
of  the  day  when  system  user  load  ranged  from  moderate  to 
heavy. 

The  average  time  of  operation  of  the  filter  was  1.4240 
hundredt hs-of-a-second.  Given  this  wide  margin  of 
acceptability,  it  is  assumed  that  no  difficulty  will  arise 
when  the  filter  is  operated  on  the  NTS  range  computer 
system. 

In  the  Kalman  gain  schedule,  the  steady-state  values 
were  achieved  after  seven  to  twelve  sample  intervals 
depending  on  the  input  values  assigned  to  the  Q    matrix.   The 
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gain  schedule  shown  in  Table  1  is  based  on  a  target  that  is 
expected  to  undergo  little  or  no  maneuvers  (accelerations  of 
less  than  3.2  feet/second2).  For  all  measurements  after  the 
last  indicated  time  the  gain  values  are  equal  to  the  last 
value  listed. 


TIME  POSITION  VELOCITY 

GAIN  GAIN 

1  0.990099  0.0 

2  0.994248  0.754539 

3  0.835858  0.398822 

4  0.725189  0.284304 

5  0.669428  0.252953 

6  0.649976  0.248808 

7  0.646037  0.249742 

8  0.645805  0.250140 

9  0.645766  0.250005 

10  0.645621  0.249853 

11  0.645519  0.249798 

12  0.645481  0.249792 

13  0.645474  0.249794 

14  0.645474  0.249794 

15  0.645474  0.249794 

Table    1    -    GAIN    SCHEDdLE    FOR    A  NON-MANEUVERING    TARGET 
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Two  other  gain  schedules  were  used  in  the  simulation  and 
are  shown  in  Tables  2  and  3.  These  schedules  assume  target 
accelerations  of  10  feet/second2  and  20  feet/second2, 
respectively.  Again  the  last  values  shown  are  the 
steady-state  values  and  are  to  be  applied  to  all  subsequent 
measurements. 


A.   NON-MANE0VEBING  TARGET 


When  the  target  is  in  a  non-maneuvering  mode  the  only 
fluctuations  from  its  track  will  be  due  to  noise.  Because 
this  noise  corruption  is  undesirable,  the  gain  schedule  used 
should  provide  for  maximum  smoothing  of  the  target  track. 

The  gain  schedule  (Table  1)  was  calculated  assuming  that 
the  initial  position  estimate  could  be  determined  within 
±100  feet  of  the  actual  position.  By  assuming  that  the 
variance  due  to  the  noise  would  be  approximately  three 
feet/second2,  maximum  smoothing  with  an  allowance  for  slight 
irregular  target  accelerations  was  achieved. 

Using  these  gains  with  a  simulated  noisy  track,  the 
filtered  position  estimates  were  statistically  compared  with 
the  measured  positions  and  the  known  true  track.  The 
deviation  of  the  filtered  track  points  from  the  true  track 
was  approximately  one-half  that  displayed  by  the  measured 
positions.  The  standard  deviation  of  the  filtered  track 
estimates  about  the  true  track  was  approximately  equal  to 
the  theoretical  value  predicted  in  the  calculation  of  the 
gain  schedule.  This  favorable  comparison  of  experimental 
and  theoretical  values  indicates  that  proper  initial  values 
have  been  used  in  calculating  the  Kalman  gain  schedule. 
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I  HE 

POSITION 

VELOCITY 

GAIN 

GAIN 

1 

0. 990099 

0.0 

2 

0.994273 

0.757905 

3 

0.869084 

0.548191 

4 

0.84301 1 

0.553351 

5 

0.842683 

0.555230 

6 

0.342387 

0.554583 

7 

0.842279 

0.554577 

3 

0.842276 

0.554587 

9 

0.842275 

0.554585 

10 

0.842275 

0.554585 

11 

0.842275 

0.554535 

Table  2  -  GAIN   SCHEDULE  FOB  A  MANEUVERING  TARGET 
(APPROXIMATELY  1/3G  ACCELERATION) 


ME 

POSITION 

VELOCITY 

GAIN 

GAIN 

1 

0.99099 

0.0 

2 

0.994342 

0.767076 

3 

0.915940 

0.759631 

4 

0.915308 

0.765307 

5 

0.914846 

0.764878 

6 

0.914830 

0.764944 

7 

0.914828 

0.764940 

8 

0.914828 

0.764940 

9 

0.914828 

0.764940 

Table  3  -  GAIN  SCHEDULE  FOR  A  HIGHLY  MANEUVERING  TARGET 
(APPROXIMATELY  2/3G  ACCELERATION) 
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Portions  of  the  noisy  track  and  filtered  track  are  shown 
in  Figure  2.  While  the  noise  corruption  cannot  totally  be 
eliminated,  the  filtered  track  does  provide  a  truer 
representation  of  the  actual  target  path.  Further 
improvement  can  be  achieved  by  applying  current  post-run 
smoothing  techniques  to  this  filtered  track. 


B.   MANEUVERING  TAHGET 


For  tracking  exercises  run  with  a  target  that  is  known 
to  be  maneuvering,  the  gain  schedule  can  be  adjusted  to 
follow  those  maneuvers.  If,  for  example,  the  exercise  is  to 
be  run  with  a  MK  30  simulator  programmed  for  maneuvers 
involving  accelerations  of  less  than  10  feet/second2,  a  gain 
schedule  as  listed  in  Table  2  would  be  used.  The  higher 
gain  values  needed  would  reduce  the  quality  of  the  real-time 
smoothing. 

The  degree  of  smoothing  accomplished  can  be  seen  in 
Figure  3,  a  comparison  of  portions  of  the  tracks  obtained 
from  raw,  measured  data  and  data  smoothed  using  the  gains 
derived  for  a  maneuvering  target. 

The  reduction  in  the  quality  of  smoothing  may  be  seen  in 
Figure  4.  These  filtered  tracks  were  obtained  using  the 
maneuvering  and  non-maneuvering  gain  schedules.  Both  tracks 
were  obtained  from  the  same  set  of  noisy,  measured  data. 

Again,  the  deviation  of  the  filtered  track  points  about 
the  true  track  is  less  than  that  displayed  by  the  measured 
positions.  Favorable  comparison  was  made  between  the 
experimental  and  theoretical  values  of  the  error  statistics. 


23 


20 


15 


10 


-5 


-10 


-15 


-20 


DEVIATION 
FROM  TRUE 
(FEET) 


X 


TO 


13 


20 

MEASUREMENTS 

Figure  2  -  COMPARISON  OF  THE  NOISY  AND  FILTERED  TRACK  POINTS 

FOR  A  NON-MANEUVERING  TARGET 


The  gain  schedule  used  to  produce  the  smoothed  track 
above  is  for  a  non-maneuvering  target.  The  degree  of 
smoothing  attained  is  seen  by  comparison  of  the  measured 
track  points  (X)  and  the  filtered  track  points  (curve) . 

The  gains  listed  in  Table  1  were  used  to  filter  this 
data.  This  plot  represents  the  maximum  smoothing  achieved 
in  the  simulation.  The  magnitude  of  the  Y-axis  fluctuation 
is  due  to  measurement  noise  only. 
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Figure  3  -  COMPARISON  OF  THE  NOISY  AND  FILTERED  TRACK  POINTS 

FOR  A  MANEUVERING  TARGET* 

The  gain  schedule  used  to  produce  this  smoothed  track 
is  for  a  maneuvering  target.  Again  comparison  is  made 
between  the  noisy  tracK  measurements  (X)  and  the  filtered 
track  points  (curve)  . 

The  gains  listed  in  Table  2  were  used  to  filter  this 
data.  Again  the  Y-axis  fluctuation  is  due  to  measurement 
noise  only. 
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Figure  4  -  COMPARISON  OF  THE  FILTERED  TRACKS  USING  THE 
MANEUVERING  AND  NON-MANEUVERING  GAIN  SCHEDULES* 

The  plot  shown  above  is  a  comparison  of  the  difference 
in  the  degree  of  smoothing  achieved  with  the  gain  schedules 
previously  used.  The  non-maneuvering,  filtered  track  from 
Figure  2  is  displayed  with  a  (X)  ,  and  the  maneuvering 
filtered  track  of  Figure  3  is  shown  by  the  curve. 
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C.   HIGHLY-MANEUVERING  TARGET 


One  additional  simulation  was  run  assuming  a  target 
accelerating  up  to  20  feet/second2.  This  high  acceleration 
might  be  expected  if  an  attempt  was  made  to  follow  a  torpedo 
through  both  the  search  and  pursuit  phases  of  its  track. 
Allowances  for  high  acceleration  substantially  increase  the 
gain  values  (Table  3) . 

With  these  high  gains  most  of  the  smoothing  effect  of 
the  filter  is  eliminated.  This  point  is  best  illustrated  in 
Figure  5,  a  comparison  of  measured  and  filtered  portions  of 
the  simulated  track. 

Care  must  be  exercised  when  the  gains  are  adjusted  to 
follow  large  maneuvers.  If  the  gate  value  is  set  too  lowr 
the  filter  will  fail  to  function.  In  this  test  it  was 
necessary  to  double  the  value  of  the  gate  limits  (±100  feet) 
used  in  the  two  previous  simulations.  (Further  explanation 
of  the  gate  feature  is  included  in  Appendix  B.) 
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Figure  5  -  COMPARISON  OF  THE  NOISY  AND  FILTERED  TRACKS  FOR  A 

HIGHLY  MANEUVERING  TARGET* 

The  gain  schedule  used  to  produce  the  filtered  track 
above  is  for  a  highly  maneuvering  target.  Almost  a  total 
lack  of  smoothing  is  noted  in  comparison  of  the  noisy  track 
measurements  (X)  and  the  filtered  track  points  (curve) . 

The  gain  schedule  listed  in  Table  3  was  used  in 
processing  this  data.  The  ability  to  follow  large  maneuvers 
results  in  the  lack  of  smoothing  seen. 
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VII.   CONCLUSIONS  AND  RECOMMENDATIONS 


The  simulations  conducted  using  the  Kalman  filter 
program  indicate  that  it  will  provide  improved,  real-time 
tracking  data  for  operations  on  the  three-dimensional 
underwater  ranges  at  the  Naval  Torpedo  Station,  Keyport. 
The  filter  accomplishes  a  partial  smoothing  of  the  target 
track  in  real-time  as  well  as  providing  the  long  range 
prediction  capability  desired  by  NTS  range  engineers.  Both 
of  these  features  will  substantially  improve  the  quality  of 
service  provided  to  NTS  range  users. 

Additionally,  either  the  filtered  position  estimates  or 
the  actual  measurement  data  may  be  used  in  any  type  of 
smoothing  algorithm  to  obtain  the  type  of  post-run  analysis 
currently  available.  The  smoothing  accomplished  by  the 
filter  will  provide  a  higher  guality  input  to  the  post-run 
analysis,  resulting  in  a  smoother  final  track  than  has  been 
previously  attained. 

With  the  exception  of  minor  input/output  change 
reguirements,  the  gain  and  filter  programs  are  ready  for 
implementation  at  range  computer  facilities  at  NTS. 
Explanation  of  these  changes  is  included  in  tne  program 
requirements,  Appendices  A  and  B. 

Based  on  the  assumption  that  the  search  mode  of  any 
torpedo  tracking  exercise  is  insignificant,  the  optimal 
tracking  and  smoothing  can  be  accomplished  using  the  gain 
schedule  suggested  for  a  non-maneuvering  target  (Table  1) . 
Before  implementation  additional  testing  and  comparison  may 
be  desirable  using  exercise  data  obtained  under  a  variety  of 
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operating  conditions  at  NTS. 

In  the  future,  additional  improvement  to  the  tracking 
system  may  be  accomplished  by  altering  the  data  input 
format.  As  stated  earlier,  the  target's  measured  position 
expressed  in  the  three-dimensional  coordinate  system  of  the 
range  was  used  as  input  to  the  Kalman  filter  program. 
Direct  application  of  the  time  signal  to  a  filter  seguence 
has  not  been  considered  at  this  time.  This  application  may 
be  considered  as  a  possibility  for  futher  program 
development. 

Several  references  have  been  made  to  the  smoothing 
techniques  used  in  current  post-run  analysis.  Mo  attempt 
has  been  made  to  apply  such  methods  to  the  filter  output  as 
simulated.  It  is  recommended  that  the  filter  be  applied  to 
previously  recorded,  range-tracking  data  and  the  smoothing 
alogrithm  then  be  applied  to  this  filtered  output. 
Comparison  should  then  be  made  between  the  filtered  and 
measured  smooth  curves. 
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APPENDIX  A 


GAIN  PROGRAM  DESCRIPTION  AND  REQOIREiiENTS 


The  Fortran  program  GAINS  was  designed  to  compute  a 
Kalman  gain  schedule  based  on  user  selected  input  matrices. 
The  gain  and  covariance  equations  listed  in  Chapter  II  were 
used  in  the  computations. 

The  user  must  input  the  following  integer  variables: 
the  dimension  of  the  state  vector  (N<6) ;  the  dimension  of 
the  measurement  vector  (M<3) ;  and,  the  number  of  gains  to  be 
calculated  (ITIME<200) . 

ITIME  will  normally  be  set  only  high  enough  to  insure 
that  the  steady-state  value  of  the  gains  is  reached.  This 
value  will  usually  be  less  than  thirteen.  If  a  permanant 
change  is  desired,  the  dimensions  of  GK  and  PKK  (line  2) 
should  be  changed  to  read  "GK  (6, 3, XXX)  "  and  "PKK  (6  ,6  ,XXX)  »• 
where  XXX  represents  the  desired  value. 

Additional  input  requirements  are  the  following 
matrices:  PHI,  the  state  transition  matrix  (dimensions 
NxN) ;  C,  the  measurement  matrix  (MxN) ;  R,  the  variance  of 
the  measurement  noise  (MxM) ;  PKKM1,  the  variance  of  the 
initial  state  estimate  (NxN) ;  and,  Q,  the  variance  of  the 
random  forcing  input  (NxN) .  All  of  these  matrices  should  be 
input  in  fixed  point  arithmetic  with  no  single  value 
exceeding  ten  characters. 

As  currently  written,  the  program  output  is   limited   to 
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two  gains  (position  and  velocity)  and  the  associated 
variances  and  covariance.  If  additional  values  are  desired, 
it  is  necessary  to  change  only  statements  43  and  45  as  noted 
in  the  program  listing.  The  actual  gain  calculations  are 
performed  in  SUBROUTINE  GAIN.  Other  subroutines  are  used  to 
perform  the  necessary  algebraic  calculations. 

The  program  output  will  be  a  gain  schedule  and 
theoretical  covariance  matrix  of  the  specified  length 
(ITIME) .  These  values  are  output  to  separate  files.  The 
gain  output  is  used  as  input  to  the  filter  program  which  is 
currently  written  to  read  13  gain  values. 
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APPENDIX  B 


KALMAN  FILTEE  PROGRAM  DESCRIPTION  AND  REQUIREMENTS 


This  program  requires  input  from  three  sources. 
Thirteen  values  of  the  gain  schedule  are  read  via  file 
three.  The  actual  target  position  measurements  are  input 
via  file  four.  The  program  is  designed  to  terminate  when 
the  measurement  value  of  the  X  position  exceeds  10s  feet 
(see  line  95) .  Several  values  must  be  input  by  range 
observers  prior  to  each  run.  These  values  are  the  initial 
state  estimate  (six  fixed  point  numbers,  each  of  less  than 
eight  characters) ,  the  sample  interval,  long  range  predictor 
and  measurement  gate  value  (each  of  fixed  point  numbers  with 
up  to  ten  characters  each) . 

The  long  range  predictor  is  scaled  in  sample  intervals, 
NOT  units  of  time,  so  care  must  be  exercised  to  obtain  the 
desired  value. 

The  gate  value  is  used  to  reject  measurements  that  are 
obviously  erroneous.  This  value  must  be  set  high  enough  to 
allow  adequate  operation  of  the  filter  and  still  perform  its 
function.  In  the  non-maneuvering  simulation  the  value  was 
set  at  50  feet  with  a  standard  deviation  of  ten  feet  in  the 
generated  noise. 

As  written  the  program  output  supplies  the  predicted, 
measured  and  filtered  position  values  and  filtered  velocity 
estimate.  Three  statements  (124,123,130)  output  these 
values   to   one  file  with  all  X  values  listed  first  followed 
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by  all  Y  values  and  then  Z  values. 

Upon  implementation  at  NTS,  all  filtered  (position  and 
velocity)  and  measured  (position)  values  may  be  output  by 
rewritting  line  124  and  the  associated  FOBMAT  statement 
(#300,  line  134) .  If  this  change  is  made  lines  127  through 
130,  inclusive,  should  be  deleted. 

The  dimension  statement  (lines  1,2)  should  be  changed  so 
that  XKKM1,  Z,  and  XKK  will  be  able  to  handle  the  expected 
number  of  measurements  in  any  given  exercise  run.  At 
present  they  are  set  at  200  (approximately  four  minutes  with 
a  sample  interval  of  1.31072  seconds). 

The  program  contains  additional  comments  to  facilitate 
its  use. 
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APPENDIX  C 


TRACK  SIMULATOR  PROGRAM  DESCRIPTION  AND  REQUIREMENTS 


The  simulator  program  requires  no  input.  The  random 
number  generator  (SNORM)  used  to  determine  target  entry 
point  and  measurement  noise  is  seeded  with  two  arbitrary 
values  included  in  the  program  (lines  5,6)  .  If  the  seeds 
are  changed  they  must  be  odd  integer  values  of  eight  or 
fewer  characters. 

This  program  generates  a  200  point  true  track  (X)  and 
adds  random  noise  to  each  track  point  to  obtain  a  noisy 
measurement  (Z)  .  The  two  tracks  are  output  to  separate 
files. 

The  program  contains  additional  comments  to  facilitate 
its  use. 


35 


APPENDIX    D 


GAINS  _PROGRAM_L IS TIN G 

<— •c\jrrt>^u^>of^<xoCT*Oi-tc\jm^on>or^coc>0'^(Njm>tLn>o 
00©oooooo^rH^^^f^^.^^^ogc\ic^cg(Nj<\jc\j<\jc\ioj<r(f<^rcirncocn 

oooooooooooooooooooooooooooooooooooooooooooooooo 
oooooooooooooooooooooooooooooooooooooooooooooooo 

OO  GO  00  CO  GO CO  1/1  GO  GO  GO  GO  00  GO  00 1/1  CO  GO  GO  GO  to  GO  00  l/l  (/)  GO  CO  GO  CO  CO  00  00  GO  gOCOCOoOCOcOCOOOGOOOoOoOCOgOoOGO 
►-H-I— Kl—  f-l— t-l— I—  h-H-h-KH-  t— I— t— (— H-  I—  Kl—  I— I-*- 1— I—  l-l— h-  t—  (—  H-l—  H-H- H-t-H-l— I—  f —  I —  I—  (—  h-  I— 
2Z22ZZ2ZZZZ22Z2ZZZZZZZZZZZZ2ZZZ.- ^    "-    ------- 


<0 


ii— 

»  •> 

CO  — 
0C>O 

•a. 

t-o 

uo 

— .    •> 

«•  •» 
C0<O 

— .Q. 

m    •• 

SO 
<   * 

—o 


OJ 


X 

»— t 

z         \- 
< 

z       z 


•.  •.     ^zr-tz 


ii  ii  ii  it  ii 


vOfO 

*"*    •» 
l—l  sO 

x— 

O-ii 
O 

Z   •» 

a— 

00   •» 

z,o 

au-H     <_i_i_i-j-i 

i— iLU       LU <l <l<l  «3. "^ 
Q  OtUUOcJO      h-OQLUOl 

—I  LU 


••^sr^z  •— ' 

ZI    ••   "ii    *  H- 

aua:ao  z 

^.wwv^w  OJZZOZO 
OQQQOQ 

o<<<<< 

CMUJtUUJLUUJ 


i- 
o 

•> 

z 
u 

•» 
•—I 
X 

a. 

•» 

iu    >-• 

-J  LU 

3 

a  a: 

LU  ■> 

x    o 
u      •• 

00      Q. 


II        Om^ 
t— Q. 

UJ         LU»-«W 

£     X  •<■ 


-5  — 


:o 
•*  -ii 


OO   »H 

Q.r-(l— lHHr-1 

3  — 

uomu 


00 


uu 


— <       CO 

II 


II  •-•  II 

OO      CO 

ihQ        i—4 
CO        —I 

h-aoo 

00 


II  * 

-5-5 


CVJw 

ii 

QQ. 


QQOO 


OUOO 


<N 


(NlO 

rsim 


UJ 
00 

3 


LU 
CO 


3 
00 
LU 

a: 


II    ||  ^LU      LU 
hh-5   »3      X 
-5Z      I- 
CMCNJ   •— i 
f\|CM»-it— 


3 
a. 

I— 
3 

a 


* 
* 

* 
* 

* 

# 
* 

* 
* 

* 
* 
* 

* 
* 

* 
* 

* 

* 
* 

* 

* 


• 

CO 

LU 

•  LU       —I 

ZXLUCQ 

LUI— X< 

h-      h~  >— 

l-Q      CC 

m2UJ< 

0C<O> 

2    z 

>rr>XLU 

_i>Ooa: 

H-O  — « 
^  CJOO 
LU    *_JLU 

a:.-n30 
ex:  loo 

30X-J 
O      00— I 

••    < 

oo  CM  at* 

<-4"LUUJ 

cOoOQ 
oo  33 
Z   *     -J 

w(\JlilO 
<rr»XZ 

OOI-M 

a    xa 

SoOt-Hh- 

t-za: 

H-tl— 00 

jozz 

Z  LU 

OjLUX 

<OLU 

00ZZH- 

h-o<< 

3>-*»-<l- 
Qu|—  a!  00 
I—  -<< 
3Q>lu 

OQOh- 
<U'-< 

s:        or 

<LUQ3 
QiXLU 
Of-H-O 
O      <3 
aCF— — •»— 

0.LUO 

LU  00X 
XOOouj 


* 
* 

* 
* 
* 

* 

* 

* 

* 
* 
* 
* 

* 
* 
* 

* 

* 
* 
* 

* 
* 

* 
* 

* 

* 
* 

■w- 
* 

■»• 

♦ 
* 

* 

* 
* 


ii 

CN 

OvJ 

ii 
ii 

ex 

ii 

i:     fM 


r\i  ^i 

^-  ^i 

ii  a. 

o 

-.  ii 

ii 


'-1J  —  LUii 
XiiZii 


-^LO 


com 


oooouoooouou 


mOmo 

•o  »o 

II     -II    • 
^^iirvj      "-»-* 

— ^OJCMUJ        <I<t 

rnn- mi— 0.2:2: 
—<     ►-•ocr.ct 

uaiaa^-au 

Q2Q3WU.U. 

00 

—•       C\J       OO 
rC\       — 4(\| 


36 


>*■  en  in  in  in  in  in  in  in  in  in  >o  >o  *o  >o  o  <o  >o  *o  >o  vO  r^  c»  r»  Is-  I*-  r*  f-  r»  r*-  f"  co  oo  oo  00  oo  ao  ao  oo  co  oo  c*  c*  o^crocr* 

oooooooooooooooooooooooooooooooooooooooooooooooo 
oooooooooooooooooooooooooooooooooooooooooooooooo 

CO  CO  CO  CO  OO  00  00 1/}  OO  00  OO  00  00  CO  (/)  00  00  00  00  CO  00  CO  OO  CO  00  00  CO  00  OO  00  </)  CO  oOCOcOOOOOcOiOCOcOCOoOoOcOoOoOOO 

hl-Kt-h|-hf-h-H(-l-hh.|-|-HHl-)-(-hl-H|-l-l-H(-l-l-l->-t-l-l-h»-HI-h-l-l-|-(-(-Kh 
ZZZZZZZZZZZZZZZZZZZZ2ZZZZZZZZ2ZZZZZZZZ2ZZZZZZ2ZZ 


21 


X 

a. 

»» 

^ ^  ►— I 

-J  LU 

•»  » 

—                    >*              -.                       —  a: 

~_l                     ~               2:                         2:  * 

(J   o                                CO  ■                       •»                                         •*  <-9 

-2                                                2                               2  •■ 

_l—                           *               ~~-                           -*—  —                               * 

•.  ••        .~             •>  ••       «^  •»                        ^ 

2:—.        -^           2:-—       -5  2:—                      •• 

••^            *                ••;£            ••  »>2                            *-* 

Z  ■>          1-1               2»'-"  2*                            2: 

•2           ^                  »2          «-»  "2:                              i£ 

C0^«           03  <>-                             5^ 

»co  --»co                       o. 

<  *        +  «.                      «- 

"*S          —               "*2:          —  22:          —               2 

CO   »          -3                Q    ►          ->  <   ••           "5               •-• 

32            »              QZ            -  o£2            ••              < 

oow          >— 1               <—'          •— 1  h— «-*          ■-,               05 

<           —                    <           ^  <           w 

LU      ZS<                LU      22T<  LU      ZZ<                OJ 


2: 

•O 

-^ 

•» 

21      ► 

<••» 

2: 

— 1 

tMM 

*: 

•» 

II 

2-1 

« 

2 

-7 

•»  •> 

1—4 

•» 

■i 

COS 

w 

< 

-* 

«»<v^ 

< 

-5 

<ao 

It 

•**  •» 

+ 

Q— 

(— t 

-■» 

<2: 

M>«M 

OS 

— » 

iM 

LU    »• 

<m 

0  » 

-3 

CVJ 

QC.-Z. 

•— »   • 

c£2 

* 

• 

21 -* 

O 

Q.w 

HH 

0 

<2— ^ 

<                  » 

«# 

— « 

LU 

••— iij_ 

LU      ZJOZJSO 

u_ 

ZZh^oo 

22   »  •» 

••    •• 

CO 

mQ  II      ».w 

mO-HH  II  i-H 

-*-»ll 

«* 

(_HHI— 1«4- 

(-•-•    II      II              II 

II      II 

1— 

300 

«-H-2 

3toi-n-»»-< 

-J*-*2 

< 

O2o     <a: 

02        -j 

-3  CL 

2: 

a:uj^QS3 

o;lu^^  »-<\it\ic\j  »z> 

ana 

co  2: 

<xcjif-a 

G02L           t-i 

HH»-Q 

O^ 

3>-«OLULJLU^ 

jwuo-aoo>-^^ 

LLLU 

OOQQQCLLQC'U 

co  a  0000  000  a:  lu 

O 

O 

o-< 

CO 

— (r-t 

r-4 

(N 

Q3« 

CO 

»cO 

<   •• 

1 

hhO^^H  ^O-^^ll  mQhh  |f  h-. 

I — •— •  II    ||  H-i-h  tl    II  I —  — — •  II    II  I— 

Z)c0»-«-3— 2  3oO<-«-5— »2  3tOi-i-?-»2  3 

oz       -?a:  o^       "jq:  02       >-«q:  a 

a:tjj'-t<-)  »o  cri!-iJ^<-«  *3  cx:lu-^^  »3  cc 

cnsi        H-.H-Q  232:        >-«t—  a  002:        ~o(— a  co 

3i->00«-UJZ  Dhuo«  LUZ  _3>-«CJO'-'UJZ  j 

'^OQOQtJQiLU  00OOOC_>C£UJ  tOQQQCQalUJ  uO 


O 


37 


r*cooso^^^^u^vor^cn<T>0'^(Nro>^^Nor^oo(^o^(Nf0^ir\vOr»coosO'^ovi^^u^sor~aja«o^^ro^- 

<^(^O^OOOOOOOOOO^^f^^i^^^^^^<\|CN(NiC\|c^(NJ<N(N|^^(^rnnrOfnrOrorOrorn^>^>r>r^ 

oooooooooooooooooooooooooooooooooooooooooooooooo 

CO  00  CO  CO  CO  CO  CO  to  CO CO  CO  CO  CO  CO CO  CO  CO  CO  CO  CO  00  cO  CO  CO  to  00  to  00  cO  tO  to  00  oOCOCOoOcOCOcOOOOOoOoOCOoOOOoOoO 

hh-l-HHhHI-t-l-l-t-t-t-l-l-|-l-hl-l-hM-t-KHHhKH-l-(-(-l-l-HI-(-HHHI-l-l-Ht.|- 
2ZZZZZZZZZZZZZ22ZZZZZZZZZZZZZZ2ZZZZZZZZZZZ2ZZZZZ 


■w 

a 

•»  •» 

sOvO 

••  » 

n">>0 

<■!» 

o>-« 

HJJ 

— •    •» 

vO  — 

••rO 

vO      •* 

won 

i  ■  «■> 

itn 

a.  a. 

►z 

—  UJ 

rot- 

•»  •> 

— » 

m— 

rO 

—  -C 

•» 

a.  •» 

a: 

*vO 

UJ 

i^«^ 

*: 

m<\i 

•» 

»Ol 

rn 

OS 

a. 

->• 

-* 

—  UJ 

z 

*£      — — 

Q 

o>- 

— » 

UJ 

2£      tNQ. 

Z 

•>  •> 

Q.— 

h- 

a.     a-Z 

m 

. -» — » 

Z-« 

•— — 

••     zaj 

Q 

OfO 

una. 

HO 

— ,Z      LUH- 

Z 

»   •" 

i-z 

-»Q.     ► 

<N   ••      h-   «• 

»«•» 

>om 

*uj.-*zz 

—Q.Z        •Z-* 

GO 

_»-.  * 

Zl—  Q.OJ    •• 

Q.Z    •*— Z    •»-• 

-Z 

*^ 

•»  —'. 

zi-zzujza  »-zs 

z  * 

*0- 

ZZuj   •■  •» 

Lut—  *-zz  ••*£ 

•O 

O-Z 

►  H 

H-f-*Z 

i—  »-i-iuj  »z^i 

zz 

Of 

UJ«~ 

*Z 

xz 

co  corn 

a. —en 
ujz  •■ 

►UJ-.ZZ    -O    *  »ZSh Z   *Q.  «»w  *  »<t 

-»r-H-   »  »lonZ   »*i    *  »<M   •>  <cj  ZZ    J 

vO    •>OI— Z    •OQ-   »Z^ZHQ.Z  •  »  w«-Z 

•— »   -O   »ZOZZ   »0_    *ZZ   *  <3— »  2-X 

vOvOZ  •»0-  -OLD  »0-  »»ZUJUJZ 
— .  »  •— •ZaCOt-ZZfM  *t-H-  •• 
-^>02ZLU  •■  •  "  "ILIQ-m  *  —Of 
Z«—  **£H-  HOQ.UH Zlitii-i  •> 
^Q-O^    "Q-    *Z    »  *UJQ.^IQ. 

ii  s:  wcvoz  rri  luo1-1!— ^-o.  q.z 

Q.LU       —.—UJw  (—  «-»  UJ  —       — UJ 
H-CO  l—O.—      — »      CO  H- 

Z  "ZOQ--QQ  QZOQ* 
a-.<UOQUOQCQQ<UOU 

NHi«n  an  aC  cc  quj  aj  on  z>  ac  ac  at  cC  Q 

CO   *H- Q.Q-<o:Q-Q.ooa.l— 0-0.<Z  DV)H00«Z^00-'2H00-<200-2 

2:^  ct:        oz-»oo"Ja:  i  (\ic\j-5a:+  <*■  **-iccv\ir\~>cc 

UJwJJJJJJJJJJJjJJ  aiLUOH^    •»3C3T-H'-H    -Z20l^r-*    -Z}^>-4    -Z> 

36_| — I I I I I I ( » I — I — I t — II — C3      OOZ—  h-h—»  *-»•-«-»  ill-  <->Y-Q 

»-»o<<<<i<i<x<<i<<i<<":iLuz    _<t-ia.oa—»ujii-aa^'Uju_oo-»ujoo"— ujz 


a— 

—a 

m 

lf\ 

«■» 

h-S 

p-i 

^^ 

— • 

~5 

CO    •» 

•» 

■— 

•• 

-5 

•i 

20 

C\J 

"j 

>fr 

•> 

V«4 

oz^ 

— i 

•» 

r-4 

•— i 

^-* 

U-H2XO 

►z 

z-» 

ZZ  — 

2J< 

<j    »  »• 

•>   • 

m  • 

»«^» 

lO 

••   »«^ 

t.  »^ 

LU       O^^O 

•^f-i 

-4< 

— Il 

-*"*  1 

^r-^O 

ZZ~«  II 

II 

—  ii 

II 

*^ 

II  II 

II  II 

>— <Q      »H— 4 

"3  II 

Om 

"J  II 

Oi 

-»~5  II 

•— •  — 3  It 

o-»  » 

UJfOCQ 

QC     —    — 

rri    • 

•^^^ 

<w 

UJ      l-ZZ 

z 

ZZtfl   *  * 

t    ► 

mOZ^^O^ 

i— ^a  n  ii 

II  II 

3COO-5*-* 

— ^ 

az. 

-5 

cr:uj_j'-'— < 

••og 

CDS— 1 

>— 4 

Z3  —  <QU 

— c 

* 


o    o    ^^cNi    o    m>r    o    m    o 

r-4       O       rJ"l«H       fNJ       p^-H       >r       -^       m 


38 


u^  *o  i^  od  cr>  o  «^  <n  <r»  >r  in  ^o  r^  co  <^  o  i^  eg  ro  ^r  ir»  >o  i^  aj  c^  o  r^  cnj  cr^  >r  tn  vo  r^ 
oooooooooooooooooooooooooooooooooooooooooooo 

CO  OO  CO  CO  (/)  CO  CO  (/)  CO  t/>  to  CO  CO  CO  00  00  CO  CO  00 1/5  CO  CO  CO  00  00  00 CO  CO  CO  CO  </)  OO  OO  CO  CO  00  CO  COCO  CO  CO  CO  00  CO 

t-t-Hhk-Ht-HI-hHt-HHI-HI-HI-HI-l-t-H-t-l-t-Ht-l-HI-HI-l-HI-(-l-Kt-HHI- 
ZZ2ZZZZZZZZZZ2ZZZZZZZZZZZZ2ZZ2ZZZZZZZZZZZZZZ 


o 


o 


o 


<o 

-J 

~5 

a 

ro 

•» 

«• 

o 

_J 

_J 

O 

*-» 

w 

-• 

1— 

< 

X 

CL 

■»• 

* 

LU^ 

o— . 

a 

o 

•  n 

O-J 

HH 

H^ 

LU 

•» 

H- 

1— 

-JO 

—.-1 

< 

< 

•  (— 

•  — 

C£ 

CC 

— * 

0<f 

1 

1 

—a 

2    .^Z~ 

— • 

-JO 

►Or-. 

*-? 

-5 

zto_i       -»z    a.    z    a.     »       hujjh  »>z  •• 

►co  *       a.  ■>    ^      •*    ^    _j-^    cl  •  *cl^  »s£ 


m 

^ 

>r 

-» 

-*CO 

o 

->  1 

H- 

■  ■— 

*-> 

n 

z—  - 

o 

•x^ 

p^-frl-H 

<•» 

Q.-»«-. 

z 

H-«i«£X 

• 


^  ||  H    •—     UJ   •  II  — <  II   II  —X  IK    •       II  -I—  II  <  II  XUJLU  II  ^  II       UJ  +  II  ~-  II 

II  _l  iiUJ<      D'-U-5"3  II  —  -5-5  II  —  —  UJ.^i*i    -<-J  II  -5  II  Z2Z>*-  I  1      O^  **-•-» 

—  O—      ZCJ5        •— «->        .-— -?COO  +      *i  II       — '      ~~Z.'Z      ~*  •'-,      ,—"3      ^      z 

^^1"        <n  »co    -<  «>f-j"5  •>tn_i->  "co  »_j*o«—  orn-5m"5H-"~'r^  +  -"0    — « u  <\i<  *— <acc\ja: 

••cno    •-^rsia3^^-_i^w  ..a.^<-»  »«Q.<— l  II  rO<t-irO   "^   *»-l->tZ>}-    .*-4^-r  +  ^  II  3  "  :0 
^      no    — <  11  z~    <-j^     x_i^— — — '    *-i—     *£     *zz     11     o— a.    to  ►-hoct^-  oil—  a 
—oq.  11  on  11  cllju-o  11  w^-a  11  —^-u.u.aau_<o^o*-'OCjcj— a  n  u-~o  n  —luuuujluz 

XQ^fMQMN^OwaN«QNXXMlH_iaMaQ<QXOt!Q'-'QW«MQyiX^a^aaJ 

cmo  h     f\i     f*i         -4-  ir\oo^         c\j     m     ir\vO>ro  ^     rgm         o 


39 


APPENDIX    E 


KALMAN    FILTER    PROGRAM    LISTING 
^  t\i  <^  ^  tn  >o  i^  co  c^  o  <^  cvj  ro  ^  tr*  o  r^  co  o*  o  i^  <n  (T(  SJ*  in  vo  ^  <d  <^  o  ^  <\i  en 
OOOOOOOOOi^^<^.-4^^f^f-i»"*t~i<Njc\|<Nc\JC\iCN4<NCNJCNogrO  rococo 

oooooooooooooooooooooooooooooooooooooooooooooooo 
oooooooooooooooooooooooooooooooooooooooooooooooo 


XXXXXXXXXXXXxXXXtXXXXLLXlXU-XXXXXXU-XLLU_XXXXLLXLl_XXXXXXX 


o 
o 

<N 

•» 

m 

«-- 
•a 

o 
o 

m 

<J3 


o 

o 


*: 

X 


o 
o 


*:— 

xo 

z  ► 
orn 

1— «^w 

ooat 

zo 

LUOt 

rot 

•— lUJ 

Q 


otatacotat 

aoooo 

atataiaeot 
a:  otoc:  otoc 

IXI LU  IXI 1X1  LU 
—.—.—.  *-4  *-4  ^  t— I  i-4 

_4^~4  •»  »  •►  ••  »il 

— .  _i^rom  »•»•»«  •»— » 
sO  •— .— ^,^og<-i<\j»-ip-< 

-»UJ— <0  X 

_,»_  II  *  I  I  I  — ■*— •— 

w(J  •— J— — .— .  •.»•>•»  »0 
^_)«-wMrs|iNl^i<£^i^^O 

x  »<vii<£  x:*:^*:*:  • 

•— t-wO  11  11  II  xxxxx— 

0000— — *  II  II  II  II  II  ► 

OOOO— !<-»—«  tf"l 

— I(\im>t    ■  »  •—»-»-*—.——■ 

•.»••»  ».,— ((Neo^-— 1_ it-^-^i^ 

min^fm*-'*.,.,.  »  »  »  •»  »*: 

««•  *-  — "—  at  a:  at  -H  <n  ro  >4-  in  x 
a  a  a  a  o  o  o —- — '— — '- 
<<<<atatat:^:*ti<£^*t 

LULUUJUJCCQtQt^^^^^lX, 

at  ot  at  at  lu  luluxxxxx'-' 


IXI 

> 
a 

CO 

< 


1x1 

at 
< 


1x1 

X 


ix 
o 

z 

2   • 


-.x 

00  IXI 

aot 

Q-3 

00 

L0< 

l-UJ 


XO 
ixil- 

l— 

<IXI 
1-3 
oOO 

1x1  at 
>ixi 
a»- 
aa< 
<3 

LULU 

XX 


z 

3 

t/> 

-j 
< 
> 
at 
1x1 


fl         (\|         H 


LU 
» 

LUOO 

Q.O 


Z<      -< 


X 


X 


m 

at 

a 

ot 
CL 
LU 


-H        X 


CNi  » 

w  —I 

O  r>4 

+  — 


21 
*t 

X 

o 
o 
m 


-»    o 


vO  LU 

w  I— 

^  at 

X  3 


(M 


a 

U_Q 

LU 

OCX 

LUO 
»-< 

-ILU 

woe 

IX 
LU 

iuot 
X< 

<-0 

00  LU 

LUO 

h-_l 

<< 

at> 

LU 

O-Z 

< 
0.0 
o 

Olu 


Ol-        -^        Z 


:co     * 


OQ 


xoo 

LULU 

XX 


1 

1 

1 

•» 

•> 

•» 

<\J 

<i- 

•O 

^-* 

^-* 

^*^ 

*: 

it 

>*: 

*: 

^ 

^: 

X 

X 

X 

I- 
z 

o 

Q. 

< 


uO 
^  >— 1 
ro      X 


I    I    I    I    I    I 

I—  ^.-^.m^^^ 

~Z.  ■••••••»»• 

•-•  -T\iro^"tr\>o 

a.  ■^^.^.•am:^. 

I—  xxxxxx 

X 

C\J        dJ  II     II     II     II     II     II 


LU 
LU 

an 
3 
00 
< 

LU 


II 


rsj 


Of 

a 

LU 

Ot 
O 

at 

ot 

LU 


eg     LU     ^^^i^^^: 

II         X  (•«■>•••■ 


K  —  LU 

X  O  X 

LU  O  h- 

Z  ro 


m  m  » 


XXX 

I  I  I 


••  »  » 

-*c\iro 
rvlMiNl 
II   II   ll 


»     lu     -^cgro 


O          >—  •— It— !•— 4t— lr— 1>— I 

hh  ^^i<t^iiit^: 

a    lu  xxxxxx 

at 
a. 


lu  ^  z 

x  ^-  ~ 

I-  3  X 

<  Ot 

LU  IXI  LU 

^  at  1- 

<  LU 

1-  a 


at  at  at 
OOO 

CCCCCL 
LULULU 


HO 


Ul_)<-)      l-)<^<~) 


0>0«^C\JCO>4"U^vOr^CO<>0^(\4CO^ir»vOr^<»C^O^r\|C^>tLn^r^COC^ 

>4"  in  in  in  m  in  in  in  in  in  in  «o  <o  -o  -o  >o  >o  vo  <o  «o  -o  r*»  r—  r»  r*-  r-  r*  r^  p-  r-  r»  co  oo  oo  oo  oo  03  03  ao  00  ao  rj>  o^  o  o  cr  0s  c^ 
000000000000000000000000000000000000000000000000 
000000000000000000000000000000000000000000000000 


LUU.U_U>LLLLU.U_U.U.LLILU_U_U-U-U.U_U-U_IJ-ILU_LLIJ_U.U-LUU_U_^ 


to 

UJ 


1 

UJ 

_J 

> 
a 

< 
> 

id 

CD 

< 

UJ 

X 

1— 

< 

# 

UJ 

0 

1- 
00 

0 
1 

idid           id*           *id 

_ic\i     .-.-^oo^     — —»mvO     «■* 

cc 

<t 
1— 

*: 

*«%  p> 

> 
O 
< 

INI 

,-<-^           p.    «^_|^^          •.    aHi-4          » 

SZ      rH-^SIS:      (NOMXX      co 

UJ 

JL 

1— 

idfM 

ro^: 

UJ 

1- 
10 

* 

**:    cccc^-^.    cccc^^    cc 

u_ 

cdx 

>- 

O 
1 

XX    ooxx    ooxx    0 

ac^           cccc           cc 

II  II      a; ai  11  11      cccc  it  11      cC 

a 

0 

O  ► 
cd— . 
cdid 

< 

CO 

1 

1 

UJUJ                   LULU                   UJ 

z 

UJ  •• 

z 

^ 

^ 

^ 

^m 

1-^ 

— 1 

1— t 

•» 

•h 

•i 

^/ 

**-^##idid-*-«-#  idid-*#  0 

z  • 

•«•  w 

< 

C\J 

>4- 

vO 

1    ' 

•>  •>            t»  »            •»  *         • 

01- 

id  i"«.i^iii^ 

<J3 

M^ 

** 

■«* 

*: 

—»f\jo-»-»co-i-o-~'— in  vO  0-^0 

>-«z 

— idid^:^ 

^ 

id 

>d 

>». 

«-„.»_  ^  ^«-^,  t-  ^  ^/w^t-  * 

H-UJ 

^JX  •  *  » 

X 

^ 

^ 

id 

^ 

**      ••  p-id*      «■  »«id*      ••it 

m£ 

*•  *<M>j-nO 

1— 

X 

X 

X 

*■* 

w 

— ^idOi-t^^^o-^— j^^o^ 

lOUJ 

«-*»».  *"»"""**— 

1— < 

^ 

X 

^xxo  »  »xxo  •»  »xxo  •— 

aa: 

»id^^id 

2 

* 

# 

* 

p*n 

w,            ^rg            ^rvj            -«id 

0.3 

oj  -ic^x: 

w-tXXX 

2: 

t— . 

1 — 

I— 

coco 

11 

►uj  uj  uj  ^  ^  uj  uj  uj  id  ^  uj  uj  uj  ^  in 

oO< 

0 

rslO 

at 

NHKh-OOl-HHOOl-HI-Ow 

l-UJ 

OlNJI— 1— l— 

M 

+ 

+ 

+ 

1— 

*: 

— <<<        <<<        <<<    id 

zz 

•»*** 

1— 

*^ 

v. 

^000+  +OOLD+  +OOO+  id 

UJ 

+-«ooo 

< 

1— 

idO 

id 

0  ♦  •  »         •••         •  •  •    x 

>> 

iiZZZ 

cc 

z 

p-O 

,|_|-|— .-l-l-l--.-.hH-t—» 

UJLO 

-.  »ooa 

UJ 

1 

1    1 

1  1  1 

UJ 

(\J 

x 

-»000^^'JOOii^OOO^-» 

CC*-* 

^-<_j_i_j 

a. 

> 

1— 

id  id  id  *£  id  id 

X 

w» 

Q-O 

p^« 

O 

LO 

Z 

«• 

•»      •> 

»••.»• 

UJ 

(VI    • 

UJ 

1— 

z 
1— 

Z< 

a; 

oo 
CD 

O 

— tcsico^fino 

CC 

3 

*0> 

►^i^^^-^ididid^-^id:**^  • 

UJ 

•• 

a. 

id^idiiidid 

cO 

idC^ 

< 

(-4   t>  Pi  »SJ    ••  ••   p>XX    •*  •"  *SH 

UJ 

21  id  id  id  m 

1— 

a. 

^ididii^id 

< 

P-ON 

X 

w^.^,-4*  i^  CNJCMcNid  id  rococo  id  O 

3:0 

>^X   ••  •>  » 

—1 

10 

h- 

xxxxxx 

UJ 

^a» 

►— « 

^»»»W^«»>^^«-»W^5£N^<— ,-.W>£       • 

LUI— 

^-•Hcnin 

►— 1 

00 

X 

X 

«^  • 

1— 

OcdcdcdXXcdcdcdXXcdcdarx  — 

1- 

XO^-"-"— 

u. 

O 

UJ 

II 

II   II 

II  II  II 

»Nl»- 

(/> 

^cqo       aoo       000    id 

<LU 

Oidid^ 

•^ 

z 

H- 

-*o 

UJ 

Ocdcdcdll  11  adadod  11  11  cccc  cc  11    •• 

h-3 

II  roididid 

UJ 

0 

X 

0  • 

OcCcCcC          cCd.cC          cCcCcC     m 

00O 

•XXX 

X 

0 

UJ 

id^: 

UJ 

0— 

UJ 

>f  UJ  UJ  UJ  — »— «UJ  UJ  UJ  — »— »  UJ  UJ  UJ  -*— 

—  O                  UJ 

h- 

>i- 

X 

•> 

•  f 

••  p.  •> 

z 

CO  id 

x 

•-««.—»— id  id «-"-"- ^  ii  ^*~-,>-*^  ^ 

ujcd 

*:-«  11  11  11  3 

■h 

h- 

^CMc 

p>  » 

1— 

cooocooo  ■  pK/jtooo  »  »»oo</>(/>  »id 

>UJ 

-w               2 

LU 

CO 

UJ 

>t^ 

— aococDr-^fMcQcocoro^cOcQcQinx 

OH 

jjujooOm 

3 

•*• 

t— 

^-JHH^M 

X 

•*** 

UJ 

a<<<w^.<<<— •—<<<«-"- 

CO< 

-»i-zzzi-^ 

Z 

O 

O 

rsrszz 

1— 

Ol«sl 

h— 

<  W^W  ^  *£«■>««  <— *  *  <—  —  -—  id 

<3 

^moooz^ 

•— < 

< 

►— t 

id^^^i^id 

<w 

< 

UJU_U.U.*:dU_U_U_ididU-U-U-idU. 

idcd-i—i— ia  11 

H- 

LU 

O 

^^idiiiiit 

UJ 

LULU 

0 

aMMMXXMHMXXW'-lt-'X'-l 

LULU 

X3X>No^ 

Z 

cd 

UJ 

xxxxxx 

XL 

CC*- 

Q_ 

XX 

O 

CC 

< 

3 

O                         r4 

r-l                              —• 

1—  t— 

CM                 O 
^               co 

O 

a. 

CO 

I— 

<^><^> 


U^JKJU  i-)<^l->      OOO  UU^J 


41 


r-  oo  o^  o  ~*  cm  ro  >*■  in  -o  i*-  oo  o>  o  »h  <m  m  -4-  m  o  i»»  oo  o>  o  •-»  cm  m  >r  in  >o  r-  oo  o^  o  -*  <m  m  >*•  i^  >o 
C^O*0*OOOOOOOOOO^^^^^^^^^^CMCMCMCMCMCMCMCMcMCMc<^mrnrcirnc<"i 

oooooooooooooooooooooooooooooooooooooooo 

-J -J— l_i-J_l_l_J_l_J_!_l_l_'_J_l_J_J_J_l_J_J_l_l  — I I  — ( I  — I  — 1  — I  — J  — I  — I  — t  — 1  — I  — t I  — J 

LLU_U_U-U_LLU_U_U_ILLLLLLLLLU_U_U_U-U-U-ILLLU.U_U_lLU_LLU_1^ 


o 

Q. 

^ 

«»«■«■*. 

O 

ii^^ 

< 

»  •»  * 

CL 

^rriin 

1— 

f-^>— 4i— • 

00 

szz 

i—i 

^^ii 

X 

^i^*: 

H- 

XXX 

a: 

1  1  1 

a 

a_ 

*.*:*. 

cL 

—  •»  •• 

111 

a 

-HtNjrn 

1— 

QC 

ijni^i^ 

< 

a: 

MiNlrsj 

Z 

tu 

>— 4 

II   H    II 

H- 

UJ 

oo 

X 

i—  i— .«^ 

UJ 

t- 

*£*:*: 

*  —  m 

ai 

UJ 

-4(Nm 

X 

z 

WWW 

1— 

>— » 

aLcua: 

21 

aoo 

UJ 

QC 

accccL 

>— 

uu 

CUULCL 

< 

h- 

LUUJLLI 

Q 

LU 

Q. 

Q 

3 

^^           i^i<i           :*i*:  —    — 

•»  ft                  •>•>                  *•  ••  xC       ^. 

—•cm           fn%i-           m>o  •*      » 

ww           ww           ww  <r     o 

3:3:           2:2:          2:3:  ^    * 

^.^c           ^^           ^*:  *:    ^ 

^^    — - .^^    -.-»^^    —    -.  xx 

xx    ^:^xx    ^^xx    *:    ^  »     •■ 

11  11      ^i-h  11  11      cmcm  11  11     m     f0— »—- »  i£     ^. 

ww                ww                w      w^/^^/  »        m 

-»— .cMc^a:— — .rooia:-*— ^-a:     ai  ••  •■  •>  mm 

^^fnoa^^^oo^ii^o    qcm-4-o  >•»    — 

•»  •»    aiac  •■  •»    cccc  •»  •■    c£  oar:  ■»-«-*— •  i£     ^ 

-«c\joa:a:rn>taata:insoaa:  •  ac^ni:*:  ^     ^ 

ww»—  lulu— *•»—  ajujwwt-ujoaJiiii^  x    x 

:£*:           *ii£           ^^              xxx  t.     t» 

^^o*#^^o#*^^o# n #  —    — 

xxo        xxo        xxo            #-*#  *:     * 

0_>                    Q_>                    CX-»>  ••          •" 

— —._ .O000— — — »cOOO-^«—  -»OOiC(/)|—  I—  I—  CM      r<"| 

UJUJUJ0OCOUJLUUJlyO«/)UJUJUJC0    •*/)  <■*      ** 

1-ht-OOHI-hOOI-f-HOinO*  #  #  f^J      M 

<<<           <<<           <<<      **  ••        » 

ooo++ooo  +  +  oou  +  ^  +  ooo  -»  — 

•••           •••           •   t   •     i£     zzz  ^     ^ 

I—  f-l— »«—  I—  I—  H— »-. .H-KI—  —  X-»000  *        »■ 

000^^0002^000^    ^_i_i_i  m    m 

-.-»-»,-4(\j— — .<n^--»— .ino^O"*-  +  +  ^    ^ 

..  t.  ftsrs:  ►  *  -2:2:  *  ►  ft2i  #2:^:*:^  ^:    ^                 o 

^^r^^^cNjcMcg^^immrOi^f— i^  »  •»  •»  X     x        — .— *-*^-i 

www^v^w^^^i/^ww,^^^)^^^!^  O  —  O-*       — •QOCM'O'-" 

a:a:a:xxioCa:xxiiai:ix  ,x^-«~—  0000    c\j  •  •  •  * 

000        000        000    —    *:^*:  ho^o      »ooox 

cccccc  11  11  ccccac  11  II  ctcCaL  n  ^  ||  ^i^ii  *ro  «^n     r^^-^^fM 

aiaict.         olgccL         cccccc       »     xxx  -h  *rH  ►    luu-u-ll  — 

UJLULU«^«^UJUJliJ«-"-*UJUJUJ'-"in-^  <— •  II  O  II  O       00  CO  00  CO  CM 

wwwi^^www^^www^w^   II     II     II    ^m^r^^r-1        ww>*w** 

oOCOi/)   •  •«</>»/)«/)   *  *t/}</)CO   »i^   »  +  -w      *-•      ^_f_h-h-l— 

a3oaaa^<McaoacQrovtcooocDin^vOOoOi»iooujouj     <<<<< 

<<<ww<<<ww<<<wxwzzz  t—  >fh- inn- a.  2: 2: 2: 2: 2: 

w^.w^^w*«.«-.ii^www^w^/aQCj  11  *•*     1-1acccc.at.cc.ccQ 

a.u_u-^^iLi_u_u.^;^u_LLu_iiu.^_i_j_i  ooccoaHooauuz 
M„MXXHM'HXXMMMXMXx>N^e)Q3Qs^u-u.u.u-u.JJ 

00000 

rg               m                  ><•  mo    o     00000 

<n                ro                    m  rn-*"     m     — ic\jm^ir* 


42 


APPENDIX    F 


TRACK    SIMULATOR    PROGRAM    LISTING   _ 
-^cm  r*i  >3-m  \0  r-  oo  o>  o  —<c\j  ro  4"tr>  >o  »  oo  o  o  -*  c\jcn-4-mvor-  oo  oo^c\ich>j-ir\  <or--obc>o-Hr\imvj-m 
OOOOOOOOO^i-*t^^f-«.^^.Mi-Hp-*CNj(Njc\|<\JcgcvjrgrNjc\j<NrOcOr^ 

ooooooooooooooooooooooooooooooooooooooooooooo 

oooooooocoooooooooooooooooooooocooooooooooooo 

CO  00  OO  00  OO  CO «/)  oo OO  to  CO  </)  OO  <•)  00  </)  t/)  (/I  to  co  oo  to  CO  00  CO CO 1/)  CO  00  CO CO  OO  CO  oooocotocooooooooooococo 
h— H-» — >— »— I — »—»—»— I — 1 — I — I — I — t— f— .f— I — I — J— t— I — 1 — I — I — ) — I — I — I — t— H— I — I — »— H— ) — 1—1 — I — »— »— I — I— I — »— 
ZZZZZZZZ22ZZZZZZZZ2ZZZ222ZZZ2ZZZZZZZ2ZZZZZZZZ 


LU 
oO 

< 

00  ULI 

I— 

Z  CC 

LU  O 

TL  U_ 

LU 

CC  CO 

3  UJ 

CO  -I 

<  *-* 

111  u. 

2. 


o 

h- 

LU 

in 

a: 

w 

•■ 

LU 

LU 

CO 

o 

OO 

LU 

w 

; 

M 

>—♦ 

LL. 

> 

CO 

o 

•-^ 

•» 

Q 

z 

z 

O 

«•■» 

LU 

a 

m 

LU 

* 

o 

o 

•mm 

CO 

z 

o 

s 

1- 

1— 

5 

o 

.-»■-» 

< 

CO 

CO 

»■"  ■" 

3 

a 

p-l— « 

h- 

H- 

h- 

ZZ 

o 

21 

z 

•»  •• 

o 

a 

Z 

z> 

•>   •> 

■to 

a: 

< 

• 

•   •   »ir\cO 

z 

z 

LU 

•  •  • 

CL 

LOrO 

M 

O 

a: 

o 

ooo— 

< 

^ 

3! 

ooo 

1— 

^*»-» 

o 

z 

o 

.-!•-*  f-lXlNl 

LU 

«-l»-l1-^ 

3 

Xtvl 

o 

00 

00 

r-* 

•»  •» 

iti 

o 

CC 

a 

••   •- 

CVJ 

_ 

***__ 

o 

>t 

Z) 

■**# 

^"^ 

•* 

-J 

1 

—»^ 

< 

• 

CO 

LU 

■Z.-Z. 

ro 

< 

I— 

ii.  i  m  i-ii    »   •> 

<* 

o 

< 

I  x—t  — 

cC 

-    m 

►—i 

z 

•    •    • 

i-tCNJrOm(M 

t— 

1— 

o 

LU 

-^c\jm 

< 

ro«Nj 

^ 

1— 

1—4 

„>» 

ooo 

mgt*^******** 

< 

s 

■  ■*  »*«■* 

**>■** 

•» 

l-H 

a 

rnir»Lom 

>>>XM 

u. 

+ 

s 

—  >>> 

CO 

XPvl 

«•« 

z 

a. 

•» 

—»                   ••  m 

a 

>- 

rn 

^ 

•>  •> 

O 

HH 

t- #  ■*  #  <r>  +  +  +  — — » 

—I 

— ». 

—«»»» 

z 

»+  +  + 

U 

•• 

o 

> 

3 

•»                        f-»»-» 

CC 

z 

.-» 

F-«^-l 

t-M 

> 

< 

ZZ 

CVJ 

LU 

cC 

o 

LU 

a 

1 

1  1 

< 

»—»-<'-» 

CC 

•>   •> 

•* 

X 

i— 

•■ 

^(NlfO 

•►f—t^^r-l  (—!<—• 

O 

z 

zz 

1— 

•>-z.zz 

1— 

—«»-*-» 

o 

1— 

z 

X 

W»a»M 

>     •»    •»    ►  ——» 

z 

o 

> 

ft* 

••   •• 

CD 

•— •    •»  •>   • 

— >-»<\J 

LU 

1— 1 

h-l-H- 

t-H— <fOif>XM 

>— » 

o 

t— 

r— 1 

rcim 

a 

-*— <r<*nr\ 

> 

X?Nl     t 

X 

LU 

^, 

DD3 

-■     ,  _,  „«  . -.  -< 

< 

i—l 

1—4 

•at1 

'«»»  —» 

^p*-—*^" 

CO 

-.— o 

cC 

Qi 

sooozxxxoo 

s: 

m 

o 

XXX 

a 

xxxx 

i— itU 

oo^ 

z 

< 

f") 

LU 

QC 

a:             r\ic\j 

LU 

rg 

o 

i— 

a: 

OcO 

CMfMLU 

u 

0^ 

1— 

o 

II   II   II  c 

CC 

il 

—1 

II 

II  II 

a  ii  it  ii 

ZZ) 

•>  *>oo 

»— • 

> 

^-H 

< 

z 

Z               —"N 

Z 

LU 

ijj 

z 

f^C\J^» 

CO 

1— 1 

>o^ 

3 

00 

LU 

> 

«■» 

—>— » 

00 

CO  «■»»—■».»■» 

Oct: 

•*"i»i"" 

z 

(MO 

i  li  li  A 

— t— Ir-IUJLU 

(— 

o 

2 

zz 

►— < 

zzz 

ZLU 

LULU< 

LU 

a 

.-^-H 

LU 

_J 

•»•»•» 

1  «.  •»  ~l— h- 

< 

•H 

X 

•• 

•"    •• 

a 

_J   ••  f.  •» 

<t- 

hhia 

ac 

z 

II     II 

s: 

_J 

'-*rncr\— i— «CNjrr>»— "—• 

cc 

— « 

rr)LO 

z 

_l-HC\jrO 

<t 

MH. l(XOO 

M 

<l 

x> 

^ 

< 

■^>^^ 

<_w  —  CCCC 

LU 

LJ 

LU 

>*' 

«-»»— 

<X  ^,  .rf-i 

■-Li—I 

QCClCQI— Z 

Q 

t-*»-t 

cO 

o 

XXXONNN3 

z 

a 

h- 

XXX 

a 

OrvlfNlM 

3 

2.XLL.OOLU 

X 

00 

LU 

a 

a 

acu. 

h— t 

<l 

o 

z 

< 

h-O 

OO 

l-H-3i^           <*JUU 

(J{Jl->      <*JU<-3 

uou              oooo 

43 

LIST  OF  REFERENCES 


1.  Gelb,  Arthur,  Applied  Optimal  Estimation,  p.  10  2-142, 
H.I.T.  Press,  1974. 

2.  Kirk,  Donald  E.,  EE44  14  Class  Notes  (unpublished), 
Naval  Postgraduate  School,  1975. 

3.  NAVORD  OD  41114,  Data  Reduction  Requirements,  3-D  Data, 
15  February  1973. 

4.  NAVAL  TORPEDO  STATION  REPORT  1 049 , Validity  of  the 
Centerline  Coordinate  System  at  the  Nanoose  Range,  by 
J.  F.  Ebert,  10  December  1969. 

5.  NAVORD  OD  41115,  Description  and  Operation,  3-D  Range 
Equipment,  15  February  1973. 


44 


INITIAL    DISTRIBUTION    LIST 


No.    Copies 

Defense  Documentation  Center  2 

Camden  Station 
Arlington,  Virginia  22314 

Library  (Code  0212)  2 

Naval  Postgraduate  School 
Monterey,  California  93940 

Department  Chairman,  Code  62  2 

Department  of  Electrical  Engineering 
Naval  Postgraduate  School 
Monterey,  California  93940 

Professor  Harold  A.  Titus,  Code  62Ts  10 

Department  of  Electrical  Engineering 
Naval  Postgraduate  School 
Monterey,  California  93940 

Commanding  Officer  2 

Naval  Torpedo  Station 
Keyport,  Washington  98345 

Lt.  Eric  James  Benson,  USN  2 

735  Huntington  Court 
Martinez,  California  94553 


45 


168833 


Thesis 

B3915     Benson 

c.l  An  application  of 

Kalman  fi ltering  to 
underwater  tracking. 


Thesis 

B3915 

c.l 


10  JUN82 
^0  JUL  82 

WW 

15   fFB   89 
21  KAY   90 


S12366 
25787 

5  5521 
3  5  3  0  M 


1 8  J  O  J  O 


Benson 

An  appl i cat  ion  of 
Kalman  filtering  to 
underwater  tracking. 


thesB3915 

An  application  of  Kalman  filtering  to  un 


3  2768  001  03732  8 

DUDLEY  KNOX  LIBRARY 


